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Lake Burlan, a lentic ecosystem artificially created by untreated runoff from adjacent rice fields,

is located in the Amazon region within the dry forests of northern Peru. This body of water plays

a fundamental role in agriculture and recreational activities in the area, which are fundamental

to the local economy. This research aimed to evaluate the water quality of Lake Burlan using the
Water Quality Index of Peru (WQI-PE). In addition, both spatial and depth variations of limnological
parameters and trace elements were determined. The WQI-PE was calculated at seven sampling
stations at two depths (surface level and one meter), using 18 limnological parameters and nine trace
elements. The WQI-PE assessment indicated that the lake water quality ranged from poor to fair for
both depths. Statistical analysis showed that nine limnological parameters and five trace elements
showed spatial differences across seven sampling stations, while three limnological parameters

and two trace elements showed depth-dependent variations. Concentrations of arsenic, cadmium,
mercury, and lead were in exceedance of the national and international standards on environmental
water quality. Therefore, the water quality of Lake Burlan is affected mainly by the impact of the
surrounding rice fields and recreational activities. This research establishes a starting point for future
monitoring to assist in the implementation of prevention and mitigation.
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Lakes are aqueous formations located within a cavity in the continental land surface'. They are among the most
important water resources, mostly used for human consumption and recreation, constituting about 0.3% of
surface water sources®. Lakes originate both naturally and artificially. The latter are bodies of water created by
excavation in the ground, thanks to human activities such as mining or agriculture®*. Another type of artificial
lake is the so-called reservoir. Forming these is one of the human activities that most modify aquatic ecosystems
and is based on damming the waters of a river’. Artificial lakes are mostly created to increase the availability of
drinking and irrigation water, generate energy, research, recreation, or as a refuge for wildlife, among others>®.
These types of ecosystems are of great economic and ecological importance. Economically, they favor recreational
activities, aquaculture, and agriculture, while ecologically, they favor the reduction of climate change and the
formation of natural landscapes as biological reserves’. However, like any aquatic ecosystem, it also faces
environmental problems related to anthropogenic activities. Some of these problems are eutrophication, water
pollution, and loss of biodiversity>®.

The development of various anthropogenic activities around lakes can cause a constant input of pollutants,
reducing water quality!®. Among these activities, agriculture and its excessive dependence on agrochemicals
stand out, causing the lentic ecosystems to be considerably affected!"!2. Rice cultivation is one of the main
crops globally, a staple in the daily diet, so it contributes greatly to altering aquatic ecosystems'>. This alteration
is due to the excessive use of agrochemicals in rice fields, releasing an avalanche of elements such as nitrogen,
phosphorus, and potassium!*1°, In addition, the release of trace elements such as zinc, cadmium, lead, nickel,
and arsenic affect the quality of water and the organisms present!®7.
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In this context, applying tools that help verify and confirm water bodies deterioration is essential. In
recent years, water quality indices (WQI) have become indispensable tools for assessing the quality of water
resources'®!”. Using a numerical value, this instrument helps to determine the quality of different water bodies
over space and time. The WQI allows the categorization of water quality from “bad” to “good” based mainly
on the assessment of physicochemical and biological parameters*. One of the most comprehensive indices,
the one proposed by the Canadian Council of Ministers of the Environment (CCME-WQI)?!. Based on this
index, the National Water Authority (ANA) of the Ministry of Agriculture and Irrigation of Peru proposed the
Water Quality Index of Pera (WQI-PE)?2. This instrument, which is the one approved by the Peruvian state to
determine water quality, uses three key factors (range, frequency, and magnitude) generating values ranging
from 0 to 100, divided into five water quality ranges®.

Lake Burlan, an artificial lake, is one of the main recreational centers in the Amazon region. It is significant for
the economic and social development of the district and the protection of biodiversity. Its used as a water source
for agricultural activities and its recreational value make it a strategic resource for local development. Burlan
Lake was formed by water from the drainage of the neighboring rice fields in the late 1990s*?°. Urbanization,
agriculture, and recreational activity have affected the lake’s water quality.

Our research aims to address important knowledge gaps about the physical and chemical characteristics of
Burlan Lake. The present investigation sought to determine the water quality of an inter-Andean artificial lake in
the northern Peruvian region using the WQI-PE, using limnological parameters and trace elements. At the same
time, the spatial and depth variation of limnological parameters and trace elements was determined. Finally,
water quality was compared with national and international standards.

Materials and methods

Study area

Lake Burlan is located in the district of Bagua Grande, province of Utcubamba in the Amazon region, whose
approximate population is 50,000 inhabitants?®. It is located at an altitude of 420 m.a.s.l, with coordinates
5°47°13.14” S and 78°22’58.80” W. This lake covers an area of 45.93 hectares and an approximate maximum
depth of 8 m*>?”. The climate is dry and warm, with an average annual temperature of 25.19 °C and an average
annual precipitation of 65.63 mm?®. Seasonal variations in temperature and precipitation are moderate; in the
dry season, the minimum temperature is 19.58 °C, and the maximum is 30.46 °C, with minimum precipitation
of 26.53 mm and maximum precipitation of 45.96 mm. During the wet season, the minimum temperature is
20.21 °C, and the maximum is 30.51 °C, with minimum precipitation of 52.30 mm and maximum of 134.61 mm
(Fig. 1).

The area is noted for the rapid growth of the agricultural frontier, which has created new areas for agriculture
and urban development®. The main crop in the area is rice, given that the Amazon region is one of the main
rice producers in Peru, with an estimated production of 60,100 tons in 2020%. On the other hand, recreational
activities such as boating and jet skiing are developed in Lake Burlan and its surroundings. There are also
restaurants on the eastern shore of the lake. Other activities include sport fishing for species such as carp
(Cyprinus carpio), silver (Menidia sp.), tilapia (Oreochromis niloticus) or cashca (Pseudorinelepis genibarbis);
and bird watching such as the green kingfisher (Chloroceryle americana), creole duck (Cairina moschata), coot
(Fulica sp.)*"*2

Precipitation, along with stationary effluent from rice fields and sewage, constitutes Lake Burlan’s main
source of water. Due to its topography, Lake Burlan has limited effluent flow to the southwest. This topographic
feature restricts surface water outflow, resulting in water loss through infiltration into the subsoil as recharge of
subway aquifers. In addition, natural filtration and biodiversity in the area are critical due to the presence of a
10.3-hectare cattail/wetland zone in the lake.

Methodology used

The zigzag methodology was applied to establish the sampling stations using a west-east direction, given that
point SEI is the deeper point and is close to the wharf*>. The stations were previously established in the office
phase with the help of QGIS v 3.16 software. They were confirmed in the field with a Garmin Global Positioning
System (GPS) receiver, model Oregon 650. The sampling stations were selected considering several criteria:
station SE1 was selected because of its maximum depth of 7.8 m and proximity to recreational activities. On the
other hand, sampling stations SE2, SE4, SE5, SE6 and SE7 were selected because of their proximity to the rice
fields, which discharge their waters into the lake. Finally, station SE3 is characterized by small crop fields other
than rice (Fig. 1).

A single sampling was carried out in August 2020 at the seven sampling stations, taking samples at surface
level and 1 m depth using a Van Dorne bottle. Water samples were collected in triplicate at each sampling station
and by depth. Physicochemical parameters such as pH, temperature (Temp), electrical conductivity (E.C.),
dissolved oxygen (DO), and total dissolved solids (TDS) were measured in triplicate in situ using SI Analytics
Handylab 680 multi-parameter equipment at two depths (surface and 1 m).

Process of preservation and transfer of water samples

For the parameters alkalinity (Alka), hardness (Hard), chlorides (Cl-), nitrates (NO?*"), nitrites (NO?"), total
phosphorus (TP), total solids (TS), ammonium (NH,), sulfates (SO 42’), turbidity (Turbi), the samples were
preserved and transferred to a 1-liter polyethylene bottle at 4 °C3*. In the case of chlorophyll parameters, samples
were transferred to a 500 ml amber polyethylene bottle. Finally, for trace element samples, 500 ml polyethylene
bottles treated with a 1 M nitrite acid solution at 10% were used for sample storage’.
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Fig. 1. Location and sampling stations in Lake Burlan. The coordinates of the stations can be found in
material supplementary (Supplementary Table S1). The map was created with ArcGIS (version 10.5), using
the ArcGoogle tool to integrate the “Google Satellite” base map, while the national, provincial and district
boundaries were obtained from the Peruvian National Geographic Institute (IGN) database at a scale of
1:100,000 (https://www.datosabiertos.gob.pe/dataset/limites-departamentales).

Sample processing

Sample processing was performed at the Soil and Water Research Laboratory (LABISAG) of the Universidad
Nacional Toribio Rodriguez de Mendoza (UNTRM), accredited under ISO 17025:2017. For alkalinity, hardness
and chlorides were determined by titration with hydrochloric acid (HCL), EDTA (ethylenediaminetetraacetic
acid) and silver nitrate (AgNO,), respectively, applying the methodology of APHA, AWWA AND WEF?*. For
NO,~,NO,~ and TP were determined using the methodology of HACH™. For TS, NH, y SO,*~ were determined
usmg the methodology established by APHA, AWWA AND WEF*. For turbidity, a HACH turbidity meter,
model 2100Q, was used according to the methodology established by APHA, AWWA and WEF*,

The analysis of chlorophyll a, b, and ¢ was conducted on 47 mm Whatman GF/F glass microfiber filters. The
final filter volume was used to determine the chlorophyll content by using 90% acetone, a dark-extracting solvent,
following the criteria specified in MAGRAMA®Y. The concentration of chlorophyll a, b, and ¢ was determined
using a Thermo Scientific UV-VIS spectrophotometer, model Genesys 10 S UV-Vis, and the formulas of Jeffrey
and Humphrey®®, which are widely accepted in the field.

Trace elements such as arsenic (As), cadmium (Cd), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb),
selenium (Se), zinc (Zn) and barium (Ba) were determined using Atomic Emission Spectroscopy applying the
methodology of APHA, AWWA AND WEF**. A microwave plasma atomic emission spectrometer (MP-AES),
Agilent Technologies brand, model 4100 MP-AES, equipped with a standard torch, an Inert OneNeb nebulizer
and a double-pass glass cyclonic spray chamber was used. To obtain nitrogen from the air required in the process,
an Agilent Technologies model Agilent 4107 nitrogen generator was used. The pump speed was set at 15 rpm
during the whole process. Before reading the samples, the spectrometer was configured, the consumption time
was set to 12 s, the torch stabilization time to 12 s and the rinsing time to 30 s. The reading time used was 5 s.
The spectral intensity was determined as the mean of 3 repeated readings per sample to ensure accuracy. The
following detection wavelengths were chosen to quantify each element: 193.695 nm for As, 228.802 nm for Cd,
324.754 nm for Cu, 253.652 nm for Hg, 352.454 nm for Ni, 405.781 nm for Pb, 196.026 nm for Se, 213.857 nm
for Zn and 455.403 nm for Ba. Before taking the readings, standard solutions of each element at different
concentrations were used to calibrate the equipment. The solutions were prepared from a stock solution of
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1000 mg/L of Agilent brand in the spectrometry area of LABISAG. After each reading, the equipment recovered
the concentration and the intensity without enriching the samples. The detection limits, quantification limits
and recovery each element trace it can see in material supplementary (Supplementary Table S2).

Water quality index calculation

The determination of the WQI-PE in Lake Burlan was carried out following the methodology established by
the ANAZ. Tt is important to specify that the parameters used to determine the WQI-PE were the following:
Chlorophyll a, TP, NH,, DO, pH, ST, SDT, As, Hg, Pb and Zn. These parameters were contrasted with what is
established in the Environmental Water Quality Standards (ECA-water) for Category 4: Conservation of the
aquatic environment, Subcategory E1: Lakes and lagoons, except for the heavy metal Cd, which was compared
with Category 1: Population and Recreational Subcategory A: Surface water intended for the production of
drinking water, given that this parameter is not considered in Category 4%. It should be taken into account that
when only one monitoring is performed per year, the scope is equal to the frequency. To calculate the WQI-PE
at each sampling point, Eq. (1) was applied:

VF12 2 2
F12 + F2? + F3 1)

WQI — PE = 100 — .

Where: WQI-PE: Water quality index Peru. F1: Scope is the ratio between the parameters that do not comply
with the ECA-Water to the total number of parameters evaluated. It is calculated using the Eq. (2):

Number of parameters not complying with ECA — W ater

Fl= )

Total Equation Number of parameters to evaluate

F2: Frequency is the ratio of parameters not complying with the RCT-Water to the total number of parameters
evaluated. As there was only one sampling, F1 is equal to F2. F3: Amplitude, which is the ratio of the normalized
sum of surplus. It is calculated using the Eq. (3).

NSE
Amplitude (F3) = ﬁ % 100 (3)

Where: NSE: Normalized Sum of Excess. The surplus is the value that represents the difference between the ECA
value and the data value concerning the ECA - Water value. It is calculated using the Eq. (4).

Yi=1 FExcess
NS = ——M 4
s Total data )

GIS mapping procedure

We used ArcGIS 10.5 software (student version) to create the water quality maps of Lake Burlan. WQI-PE data
was collected at sampling points (.shp), both at surface level (a) and at one-meter depth (b) according to their
respective coordinates (Supplementary Table S1). To create raster surfaces (.tif) with a resolution of 1 m, Inverse
Distance Weighting (IDW) interpolation was employed. As demonstrated in recent studies in other regions®4!,
this method provided a detailed representation of the spatial distribution of water quality parameters. The IDW
interpolation method is more reliable than other methods, as it is calculated using inverse distance functions in
which the opposite distance defines the weights and then normalized so that the sum equals one*2.

Development of quality maps

The generated water quality maps were reclassified using the “Reclassify” tool of ArcGIS. This classification was
based on the WQI-PE water quality classification proposed by the ANA?® (Supplementary Table S3). The water
quality data established by the WQI-PE were assigned to each sampling point for each of the established depths.

Data analysis
Initially, descriptive statistics were used to analyze and describe the essential characteristics of the limnological
parameters and trace elements at the two depth levels. The descriptive characteristics include each parameter’s
minimum, maximum, mean and standard deviation values. Statistical methods were selected using Bartlett’s
test of equality of variances and Shapiro-Wilk test of normality. In addition, a two-sample comparison statistical
analysis was performed using Student’s t-test to determine if there are significant differences between depths®.
Principal Component Analysis (PCA) was employed to identify the most influential variables across
spatial and depth parameters and trace elements of the lake?. In this study, PCA was applied to a set of crucial
limnological variables and trace elements relevant to water quality and their potential to explain observed
differences in the vertical and spatial profile of the lake. The cumulative variance criterion determined the
number of principal components to retain. Principal components that together exceed 70% of the total variation
of the original variables were retained, ensuring that the most important features of the data were captured.
The graphical representation of the PCA (biplot) can be used to determine relationships between limnological
variables and trace elements to better understand the results*>. Subsequently, a PERMANOVA was carried out
to assess whether the groups defined by the PCA showed significant dissimilar differences. The PERMANOVA
detects spatial and depth variations in water based on permutations using Euclidean distance®®. All statistical
analyses were performed at a significance level of P<0.05 with R software v. 4.3.17.

Scientific Reports |

(2024) 14:23793 | https://doi.org/10.1038/s41598-024-74648-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The average concentration of trace elements present in the water sample was compared with the Peruvian
Environmental Water Quality Standard (ECA), specifically for the category of conservation of the aquatic
environment (C4) and the category of extraction and cultivation of hydrobiological species in lakes or lagoons
(C2)*; The Canadian Standard for the Protection of Aquatic Life (CCME), established by the Ministers of the
Environment*®; the U.S. standard established by the U.S. Environmental Protection Agency’s National Primary
Drinking Water Regulations*’; and the standard established by the European Union for environmental quality
in water policy (EQS)*°.

Results

Water quality index WQI-PE

The WQI-PE analysis revealed a value of 43, indicating that Lake Burlan has generally poor water quality. Surface
sampling stations SE1, SE2, SE4 and SE5 had poor water quality, in contrast to stations SE3, SE6 and SE7, which
had fair water quality. The one-meter depth sampling stations SE1, SE2, SE4 and SE5 had poor water quality, in
contrast to stations SE3, SE6 and SE7, which had water of fair quality (Supplementary Table S4). These results
suggest no difference in water quality according to depth (Fig. 2). This behavior is confirmed by the Student’s
t-test, which found no statistically significant differences in water quality between the surface and 1 m depth
(t=0.857; p=0.572). However, it is important to note that the average value of WQI-PE was slightly higher at
the surface (45) than at 1 m depth (44).

Descriptive statistics of the parameters analyzed at two depths

Alka, TS, NO,~, SO,>" variables represent the highest dispersion at the surface level, given their Standard
Deviation (SD) values. While, at one meter depth TS, Hard, SO 42’ and NO,™ represent the variable with the
highest dispersion. It can be observed that the concentration of Alka, Cl7, NO,~, As and Hg are higher at surface
level in contrast to one meter depth, where the value decreases. The opposite is true for Hard, Pb and Se, which
are lower at surface level, but increase at a depth of one meter (Table 1).

Spatial stratum variation of all parameters

From the parameters evaluated in the water for both depths, six principal components (PC) were selected, which
explained 73.28% of the total variance. The value of each parameter per component was evaluated, considering
a strong correlation (r>+0.60)°". It is reported that Chl a, Chl b, Chl ¢, Alka, CI-, NO,~, Cd are the parameters
with the highest significant weight for CP1; for CP2, pH, DO, NO,~, TP, and Zn; for CP3, Temp; for CP4, As; for
CP5, Hg; and CP6, Pb (Table 2).

The PCA biplot explained 35.06% of the total variance of the Lake Burlan data. PC1 explained 20.68%, and
PC2 explained 14.36% of the data variance. It is observed that the limnological parameters of Chl b, Chl ¢, Alka,
Cl, NO,™ are positively related to Cd and Ni and negatively related to Ba. On the other hand, Chl 4, NH,, E.C,
and turbi are positively related to Se and negatively related to DO, pH, Hg, and Pb. While As correlates positively
with Temp and negatively with Turbi and E.C. Finally, Cu correlates negatively with TS. It is worth mentioning
that Zn does not correlate with any limnological variable (Fig. 3).

There are differences in the spatial variation since the ellipses of the stations are not clustered. It is found that
SE1 has some influence NO,7, while SE2 has a greater influence on the parameters Chl b, Chl ¢, Alka, Cd and
CI~, which are strongly positively correlated with each other. Stations SE3 and SE4, do not differ from each other
having a greater influence of the parameters Pb, Hg, As, Temp, NO,~, TP, TDS, Hard, DO and pH. It is worth
mentioning that TDS and Hard; DO and pH; and TP and NO,, correlate positively with each other, respectively.
SE5 has a more significant influence of the parameters SO 42‘, Cu, Ba, Zn, Chl a and Se, with only the latter two
parameters correlating positively. Stations SE6 and SE7 are grouped; however, the only parameter with some
influence in these stations is SO,>". Finally, there is a strong negative correlation between TS and Cu, as well
as between Hard and SO,*~, and a strong positive correlation between E.C. and Turbi (Fig. 4a). Regarding the
variation by depth, no distinct groupings can be distinguished (Fig. 4b).

PERMANOVA analysis of the concentration of limnological parameters and trace elements present in the
water indicates significant differences at the spatial level (F=4.61; p=0.001), while at the depth level, there
are no significant differences (F=2.42; p=0.062). Since the p-value is close to 0.05, there could be a trend
toward significance. However, it is insufficient to conclude with high confidence that the groups are significantly
different.

Comparison of parameters against international and national standards

The average concentration of trace elements in each of the stations according to depth was compared with the
national ECA standards, and with the international standards CCME (Canada), EPA (US) and EQS (EU). It is
observed that As, Cd, Hg and Pb are above the established limits in most of the sampling stations (Fig. 5). It is
worth mentioning that each regulation prioritizes some parameters, such as the EPA regulation, which does not
include As or Zn.

Discussion

Water quality index WQI-PE

The assessment of water quality in Lake Burlan, using nine limnological parameters and five trace elements
established by the WQI-PE?, gave an average result of 43 points, which classifies the waters of Lake Burlan in
the “poor” quality category. Anthropogenic activities and seasonal variations are determining factors in water
quality degradation in lentic ecosystems, as observed in Lake Burlan. Among the anthropogenic activities that
most affect water quality are livestock, mining, agriculture, and recreational'?. The results obtained in Lake
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Fig. 2. Maps representing the WQI-PE for each sampling site at different depths: (a) surface and (b) 1 m.

Burlan align with previous studies in other water bodies, both natural and artificial, with similar effects caused
by anthropogenic activities. For example, Lake Hawassa in Ethiopia, the Amaluza and Mazar reservoirs in
Ecuador, and the Luis Le6n dam in Mexico have been rated between “poor” and “fair” quality categories, mainly
due to intensive agriculture and untreated domestic discharges, causing eutrophication problems>>~>4.
Regarding seasonal variations, investigations in Doldi Lake and the twin Tikkar Taal lakes in India have
shown that water quality is characterized as “good” or “excellent” during the dry season. In the wet season,
with increased rainfall, there is an increase in surface and groundwater flow and runoff, leaching soils and
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Surface Deep 1 m

Parameters | Min Max | Mean | SD Min Max | Mean | SD
Chla (mg/L) | 0.0018 | 0.0046 | 0.0032 | 0.0009 | 0.0023 | 0.0050 | 0.0039 | 0.0008
Chl b (mg/L) | 0.0001 | 0.0133 | 0.0023 | 0.0043 | 0.0001 | 0.0013 | 0.0007 | 0.0002
Chl ¢ (mg/L) | 0.0001 | 0.0118 | 0.0027 | 0.0037 | 0.0005 | 0.0027 | 0.0013 | 0.0005
Temp (C°) 29.20 2990 |29.58 |0.20 28.80 |29.50 |29.08 |0.19
pH 8.16 8.29 8.23 0.04 8.17 8.30 8.23 0.03
E.C. (uS/cm) | 725.00 | 737.00 | 732.76 | 2.47 732.00 | 748.00 | 736.67 | 3.26
DO (mg/L) 6.10 7.42 6.81 0.44 6.33 7.41 6.88 0.36
Turbi (UNT) | 4.70 6.60 5.73 0.59 4.70 6.30 5.49 0.55
TS (mg/L) 510.00 | 570.00 | 536.19 | 13.96 | 500.00 | 570.00 | 531.90 | 14.70
TDS (mg/L) | 342.00 | 352.00 | 346.48 | 2.71 343.00 | 350.00 | 346.71 | 2.12
Alka (mg/L) | 199.81 | 251.89 | 228.32 | 16.99 |212.98 |242.42 | 228.92 | 8.40
Cl~ (mg/L) 9.62 18.11 | 14.03 |2.52 9.28 15.85 | 13.38 | 1.67
Hard (mg/L) |302.71 | 321.86 | 312.49 | 5.75 307.87 | 340.98 | 322.91 | 14.19
NO,™ (mg/L) | 0.31 36.72 | 11.64 |13.55 |0.35 2897 |7.16 9.31
NO,™ (mg/L) | 0.003 |0.187 |0.039 |0.062 |0.003 |0.026 |0.014 |0.007
NH, (mg/L) | 0.04 0.31 0.15 0.10 0.01 0.24 0.10 0.07

Neke
(mg/L)

TP (mg/L) 0.01 0.14 0.05 0.06 0.00 0.02 0.01 0.01

As (mg/L) 0.138 | 0.263 |0.192 |0.035 |0.006 |0.185 |0.129 |0.059
Ba (mg/L) 0.094 |0.099 |0.097 |0.002 |0.094 |0.106 |0.098 |0.003
Cd (mg/L) 0.005 |0.019 |0.008 |0.005 |0.005 |0.008 |0.006 |0.001
Cu (mg/L) 0.004 |0.021 |0.012 |0.004 |0.004 |0.019 |0.012 |0.004
Hg (mg/L) 0.000 |0.862 |0.148 |0.299 |0.000 |0.057 |0.019 |0.017
Ni (mg/L) 0.001 |0.013 |0.007 |0.003 |0.002 |0.013 |0.007 |0.003
Pb (mg/L) 0.048 | 0.950 |0.400 |0.387 |0.049 |0.931 |0.609 |0.337
Se (mg/L) 0.189 |0.673 |0.483 |0.139 |0.353 |0.714 |0.538 |0.119
Zn (mg/L) 0.004 |0.022 |0.012 |0.006 |0.007 |0.017 |0.011 |0.004

116.17 | 145.44 | 134.62 | 9.12 103.47 | 142.81 | 130.96 | 11.67

Table 1. Mean values and standard deviation of the variables studied (Min: minimum; Max: maximum; SD:
standard deviation).

increasing sediment and pollutant load in water bodies, reducing their quality>>>°. Likewise, this deterioration is
intensified by anthropogenic activities such as recreational or agriculture, causing an increase in total coliforms
and chemical oxygen demand (COD)>.

In Lake Burlan, water quality does not currently appear to vary over depth. This agrees with what has been
observed in other studies, where no differences in quality are observed at different depths®®. However, changes
in water quality are evident when different sampling stations are analyzed. In our study, this is evident where
stations SE1, SE2, SE4, and SE5 have poor quality, and stations SE3, SE6, and SE7 have fair quality. This behavior
occurs at both depths. Given that lake quality is influenced by various factors, both natural and anthropogenic,
it is essential to implement urgent measures to mitigate these impacts?’. Among these measures is the need
to establish preventive monitoring programs, immediate intervention initiatives directed at the source of
contamination, and the development of easily applied instruments to know water quality, such as WQI*.

Spatial stratum dynamics of the parameters evaluated in Lake Burlan

Eutrophication in Lake Burlan, as in other freshwater bodies, poses significant ecological challenges due to
excessive nutrient enrichment, leading to algal blooms, decreased oxygen levels, and impairment of aquatic
life>*>7:8, Chl a indicates the state of eutrophication in which aquatic ecosystems are found and the possible
human impacts that influence that trophic state. The study’s mean concentration of Chl a varied between
0.0032 and 0.0039 mg/L. This differs from the results obtained in a high Andean lake in northern Peru, Lake
Pomacochas, where high concentrations of Chl a were identified during the dry season, influenced by waste
from livestock and agricultural activities®’. Similarly, Lake Wuli presented high concentrations of Chl a due to
agricultural activities, reducing water quality>®.

In Lake Burlan, a positive relationship between E.C. and Chl a occurs. The E.C. affects the composition
and density of phytoplankton since the higher the EC, the more nutrients can be assumed, increasing Chl a
concentration®’. On the other hand, Chl a and DO have a negative relationship. Similar results to ours have been
seen in studies. It is worth mentioning that DO and Chl a vary with depth, as turbidity limits light penetration,
and, thus, the photosynthesis process®”-*°. This behavior is rooted in temperature, which, when lower, increases
DO but limits algae growth®.
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PCl1 |PC2 |PC3 |PC4 |PC5 |PCé
Total 5.58 3.88 3.15 2.26 2.45 2.08
Variance (%) 20.68 | 14.38 | 11.68 |9.78 9.07 7.69
Cumulative V. (%) | 20.68 |35.06 |46.74 | 56.52 |65.59 |73.28
Charges
Chla —0.63 | 0.40 —0.05 | 0.47 —0.20 | 0.07
Chl b 0.74 0.29 —0.04 | —0.36 | —0.45 | 0.03
Chlc¢ 0.70 0.34 —0.02 | =0.25 | —0.52 | 0.02
Temp 0.09 —0.20 | 0.89 |0.01 —0.02 | =0.12
pH 0.26 —0.79 | —0.05 | 0.20 —0.15 | 0.10
E.C. —0.25 | 0.31 —0.51 | 0.10 0.02 0.08
DO 0.31 —0.78 | —0.01 | 0.29 —0.07 | 0.13
Turbi —0.17 | 0.24 0.56 0.26 —0.27 | 0.52
TS 0.39 0.00 0.04 —0.02 | -0.13 | —0.36
TDS 0.32 —0.29 | 0.05 0.42 0.14 0.42
Alka 0.62 0.27 0.05 0.28 0.50 -0.37
Cl- 0.64 0.13 —0.11 | =0.21 |0.37 —0.20
Hard 0.39 —0.41 | —0.47 | 0.39 —0.03 | 0.03
NO,~ 0.75 0.12 0.31 0.38 0.04 —0.08
NO,~ —0.20 | —0.60 | 0.16 —-0.29 | -0.22 | -0.51
NH, —0.31 | 0.15 0.58 —0.26 | 0.37 0.10
SO42‘ —0.47 |0.45 0.31 0.03 -0.36 | —=0.23
TP —0.25 | —0.69 | 0.22 —0.22 | —0.49 | 0.02
As 0.09 —0.19 |0.32 —0.67 | 0.14 0.43
Ba —0.44 | —-0.12 | —0.53 | 0.03 0.04 —0.26
Cd 0.71 0.20 —0.05 | =0.31 | —0.48 | 0.10
Cu —0.54 | 0.06 0.21 0.16 0.00 0.34
Hg 0.18 —0.11 | 0.03 -0.57 [ 0.70 |0.12
Ni 0.15 0.07 —0.35 | =0.13 | =0.30 | 0.11
Pb 0.15 —0.06 | —=0.51 | —=0.21 | 0.10 0.71
Se -0.59 |0.36 —0.34 | —0.43 | -0.11 | —-0.05
Zn -0.52 | —0.66 | —0.18 | —0.31 | —0.01 | —-0.16

Table 2. Results of the principal component analysis of the variables studied. *Bold is used when it correlates
greater than =+ 0,60.

The concentration of NH,, NO,7, Pb, Cd, and As in Lake Burlan can be attributed to the influence of
agriculture found in the surrounding areas, especially rice crops, which discharge their water into the lake!-62,
NO,~ and NH, are present in this type of water, as they are major components of fertilizers, especially NH,.
Likewise, due to the need for long periods of flooding to develop rice crops, these waters are contaminated
by trace elements related to agrochemicals and become reservoirs of these pollutants®. On the other hand,
given the location of the lake in an inter-Andean valley, its presence may also be due to the natural origin of
geochemical sources, especially As, a very common element in Andean areas®>°.

In Lake Burlan, high concentrations of trace elements such as Cd, Pb, As, and Hg were found at both depths,
but were higher at 1 m depth. For natural water bodies, depth is not a determining factor for contamination,
depending more on temporal variations®>. However, there can be significant differences in artificial water bodies
depending on depth for trace elements such as Ba, Zn, Ni, and Pb due to hydrogeomorphological modifications®’.
In both cases, it is normal to have a higher concentration of trace elements in the deeper parts of water bodies,
especially in sediments. These trace elements can be released back into the water column due to various factors,
such as temperature, depth, water movement due to wind or sediment movement due to water input from
irrigation canals or streams®. In shallow lakes, there is a risk of high As concentrations in water because As
mobilization increases with high temperatures. Temperature can potentially change arsenic release rates from
sediments®®%°. Although the research did not consider the study of sediments, the study of sediments would
strengthen the knowledge of the origin of trace elements in Lake Burlan®*7°.

Of note is the negative relationship between TS and Cu in Lake Burlan during the dry season. Most studies
mention a positive relationship between these two parameters, especially during the wet season’!72. However, the
behavior of these parameters in Lake Burlan may be due to using copper sulfate as fertilizer for the surrounding
rice crops”>.
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Fig. 3. Biplot, based on the PCA of variables studied.

Comparison of trace elements with water quality standards

Using national and international standards is justified in evaluating water quality for different uses (human
consumption, recreation, agriculture, among others), complementing WQIs’%. One of the most widely used
WQIs is the one developed by the CCME of Canada, which provides realistic results compared to raw data.
Furthermore, it considers all parameters that determine water quality to have the same degree of importance;
however, it can only be applied when regulations on water quality parameters are available’>. Although the
CCME approach requires a laborious process and a robust monitoring network, when combined with a Regional
Specific Objective (RSO), it provides a suitable methodology to assess changes in water quality due to prevailing
anthropogenic influences in areas near water resources’®. To establish the limits of the standards, several
studies have been carried out and developed using different WQIs, which have helped identify the levels of
contamination in different water bodies””.

When comparing the concentrations of As, Hg, and Pb with national and international standards, they were
observed to exceed the limits established by all standards. In the case of Cd, the limits of the Canadian standard
are not exceeded, although, in SE2, the limits of all standards are exceeded. Finally, Zn is the only trace element
below the limits established by national and international standards. Lake Burlan was characterized by poor
water quality according to the WQI-PE, evidenced by the failure to comply with national and international
standards by exceeding the established limits. Similar results were obtained in high Andean springs in Peru that
presented high levels of As, Sb, and Pb, not complying with the limits established by the WHO and Peruvian
standards for both times of the year’®.

Non-compliance with national and international standards, and thus poor water quality in Lake Burlan,
is mainly due to anthropogenic activities such as agriculture and recreational. These two activities contribute
significantly to the overexploitation of water resources, degradation of aquatic ecosystems, acceleration of the
eutrophication process, and overall reduction of water quality*”. To better understand water quality, organic and
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Fig. 4. Biplots of (a) sampling site and (b) deep, based on the PCA of variables studied.

microbiological parameters should also be included and compared with national and international standards.
Anthropogenic activities also influence these parameters since the increase of organic compounds in water,
such as thermotolerant coliforms, derived from human and animal feces, or nitrogenous compounds, such
as ammonium, cause the increase of chemical oxygen demand and biochemical oxygen demand®. Therefore,
future monitoring of Lake Burlan should include these parameters.
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Fig. 5. Comparison of the averages of: (a) As, (b) Cd, (c) Hg, (d) Pb and (e) Zn, with national and
international standards. In (b) the EPA and EQS standards have the same maximum limit of 0.005 mg/L for
the element Cd; in (c) the CCME, EQS and ECA standards have the maximum limit of 0.001 mg/L, while the
EPA standard doubles this maximum limit (0.002 mg/L); in (d) the ECA standard establishes a maximum limit
of 0.0025 mg/L for Pb, which is half the maximum limit indicated by the CCME standard (0.005 mg/L); this is
why some of the lines indicating the limits overlap in the figures.

Conclusion

Water quality in Lake Burlan is poor to fair, likely attributed to the presence of rice crops in the areas surrounding
this lentic ecosystem. The high concentrations of Chl a4, NO,~, As, Pb and Hg, mainly due to the use of
agrochemicals in the crops, are the causes of the water quality found. This water quality is mainly influenced by
spatial variations, but not by variations in depth. For future research, depth profiling should be performed for the
most important analytes as a follow-up study. On the other hand, it can be said that the levels of the compared
trace elements, As, Hg, Pb and Cd, generally exceed the national and international standards used. It is worth
mentioning that these standards establish different levels for the same trace element, so care must be taken
when using them. By establishing the pollutants that reach the ecosystem, regional and national environmental
authorities can implement restrictive measures and control measures to prevent the continuous impacts to of
this water resource by agricultural and recreational activities. In order to continue expanding the knowledge of
Lake Burlan, it isnecessary to continue carrying out monitoring that also includes parameters such as DBO,, fats
and oils or total coliforms, among others.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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